A series of 5-phenyl-4,5-dihydro-1,3,4-thiadiazoles were synthesized and their cytotoxicity was examined against four human cancer cell lines, e.g. lung cancer (A549), ovarian cancer (SK-OV-3), skin cancer (SK-MEL-2), and colon cancer (HCT15). The title compounds were synthesized by condensation of thiosemicarbazide with substituted benzaldehydes, followed by cyclization with acetic anhydrides in good yields. Most of the compounds exhibited significant suppressive activity against the growth of all of the cancer cell lines. The 4-hydroxy analogue of 5-phenyl-4,5-dihydro-1,3,4-thiadiazole (2h) was most active in the inhibition of growth of the SK-MEL-2 cell line, with an IC 50 value of 4.27 m mg/ml; followed by compound 2a (IC 50 5.16 m mg/ml). The compounds 2j, 2h, and 2b, bearing 3-methoxy-4-hydroxy-, 4-hydroxy-and 4-methyl substituents in the C-5 phenyl ring respectively, exhibited the highest activity against the SK-OV-3 (IC 50 7.35 m mg/ml), HCT15 (IC 50 8.25 m mg/ml) and A549 (IC 50 9.40 m mg/ml) cell lines, respectively. A structure-activity relationship study revealed that an optimal electron density on the C-5 phenyl ring of 1,3,4-thiadiazoles is crucial for their cytotoxic activity against the human cancer cell lines used in the present study.
Phenyl-1,3,4-thiadiazoles are a class of small molecules that have received much interest in the fields of chemistry and biology due to their broad spectrum of activity. The 1,3,4-thiadiazole scaffold is an interesting building block that has been used to synthesize a variety of useful bioactive compounds. There is a progressive body of studies on the synthesis of 1,3,4-thiadiazole analogues and their wide range of pharmacological actions in the literature. Phenyl-1,3,4-thiadiazole derivatives have been reported to be antimicrobial, 1) anticancer, 2) anti-tubercular, 3) anti-convulsant, 4) antiinflammatory, 5) analgesic, 5) anti-anxiety, anti-depressant 6) and anti-viral 7) agents. Cancer is one of the major causes of death globally. Many anticancer agents exert their effects through the destruction of rapidly dividing cells, and these cytotoxic agents remain the primary resource in cancer chemotherapy, despite advances in understanding of the cell cycle that may help develop more selective chemotherapeutic agents that target only cancer cells. During the last few decades, anticancer therapy has progressed significantly, but the management of malignancies in humans still constitutes a major concern for contemporary medicine. Phenyl-1,3,4-thiadiazole and its derivatives are well known, broad spectrum anticancer agents [8] [9] [10] that have been proven in in vivo conditions. 11, 12) As a part of our continuing search for novel biologically active molecules, we have designed and synthesized 5-phenyl-4,5-dihydro-1,3,4-thiadiazole analogues (2a-j) and evaluated their anticancer properties. The compounds 2a-j were synthesized, by modification of a known method, 13) from their corresponding thiosemicarbazone analogues (1a-j). Furthermore, we investigated the in vitro cytotoxic activities of these new compounds against four culture cell lines: A549 (human lung cancer), SK-OV-3 (human ovarian cancer), SK-MEL-2 (human skin cancer), and HCT15 (human colon cancer).
Synthesis of 5-Phenyl-4,5-dihydro-1,3,4-thiadiazoles Synthesis of the 5-phenyl-4,5-dihydro-1,3,4-thiadiazole analogues (2a-j) was achieved following a convenient two-step procedure; starting from commercially available starting materials as outlined in Chart 1. The intermediate arylidenethiosemicarbazone analogues (1a-j) were synthesized by the condensation reaction of thiosemicarbazide and substitution of benzaldehyde in ethanol, with excellent yields (80-98%). The structures of compounds 1a-j were confirmed by IR and 1 H-NMR spectral data. In the IR spectrum of the arylidenethiosemicarbazones (1a-j), the -NH 2 and -NH-groups showed an absorption band at around the 3490-3373 cm Ϫ1 and 3363-3239 cm Ϫ1 regions, respectively. In the 1 H-NMR spectra of compounds 1a-k, two amino (-NH 2 ) protons appeared as two singlets at 7.67-8.26 and 7.81-8.38 ppm due to en-thiol tautomerism, while these protons disappeared in compounds 2a-j. The ϭN-NH-and -CHϭN-protons were observed as singlet at 11.17-11.71 and 7.93-8.41 ppm, respectively, equivalent to one proton each. The aromatic proton signals appeared at 6.67-8.63 ppm, either as multiplets or doublets, according to the substitution pattern on the phenyl ring.
The cyclization of arylidenethiosemicarbazones (1a-j), acheived by refluxing with acetic anhydrides in ethanol, yielded 5-phenyl-4,5-dihydro-1,3,4-thiadiazole (2a-j) analogues in good yields (67-80%). All the synthesized 5-phenyl-4,5-dihydro-1,3,4-thiadiazoles were characterized by IR, 1 H-NMR, and electron ionization (EI)-MS spectral data together with elemental analysis. In the IR spectrum of compounds 2a-j, the characteristic N-H and ϾCϭO stretching absorption bands appeared at the 3222-3203 cm Ϫ1 and 1713-1631 cm Ϫ1 regions, respectively. The 1 H-NMR of compounds 2a-j showed a characteristic singlet for the C-5 proton at 6.75-6.89 ppm, with an upfield shift of 1.18-1.52 ppm from that of the imino proton (-CHϭN-) of the open-chain thiosemicarbazones (1a-j), which was in good agreement with other reported chemical shifts of 1,3,4-thiadiazole analogues. 14, 15) Two acetyl groups appeared as two singlets at 2.01-2.12 and 2.23-2.30 ppm. The amide pro-ton (-NHCO-) of compounds 2a-j was observed as a singlet at 11.63-11.89 ppm. The phenyl protons were assigned in the usual way, according to their substitution pattern. EI-MS spectra of 2a-j showed a molecular ion peak with intensities from 85-100%.
Anticancer Activity The anticancer activity of compounds 2a-j was evaluated by an in vitro assay performed on four human cancer cell lines: lung cancer (A549), ovarian cancer (SK-OV-3), skin cancer (SK-MEL-2), and colon cancer (HCT15). The activity was evaluated by measuring the inhibition of the net growth of cells, measured as a percent of the control samples, after incubation for 48 h with the test samples, using the SRB (sulforhodamine-B) method. All activities were compared with cisplatin as a positive control. The activity results presented in Table 1 report the cytotoxic effects of 5-phenyl-4,5-dihydro-1,3,4-thiadiazole (2a-j) analogues against the various cancer cell lines. Among the tested compounds 2a, b, h and j showed significant cytotoxic effects against all the cancer cell lines. Compound 2h exhibited the highest activity (IC 50 4.27 mg/ml) and selectivity, followed by 2a (IC 50 5.16 mg/ml), against the skin cancer (SK-MEL-2) cell line. While compound 2j exhibited the highest cytotoxic activity (IC 50 7.35 mg/ml) and selectivity against the ovarian cancer (SK-OV-3) cell line, followed by 2h (IC 50 10.14 mg/ml). Compound 2b exhibited significant potency against the lung cancer (A549) cell line, with an IC 50 value of 9.40 mg/ml; followed by compounds 2a (IC 50 14.27 mg/ml) and 2h (IC 50 15.58 mg/ml). Compound 2h exhibited significant potency against the colon cancer (HCT15) cell line, with an IC 50 value of 8.25; followed by compounds 2a, j and b, at 10.25, 10.83 and 12.24 mg/ml, respectively.
The structure-activity relationship study revealed that the nature of the substituted group on the phenyl ring of 5-phenyl-4,5-dihydro-1,3,4-thiadiazole plays an important role in the cytotoxic activity of the compound. Compound 2a, which possessed an unsubstituted phenyl ring, was 2-3 times more cytotoxic against SK-MEL-2 cell lines (IC 50 5.16 mg/ml) than against the A549, SK-OV-3 and HCT15 cell lines. Introduction of a methyl group, a weak electron-donating group, at the para-position on the phenyl ring resulted in compound 2b, which exhibited greater activity against A549 cell lines than against SK-MEL-2 and HCT15, but was simi- lar to that against the ovarian cancer (SK-OV-3) cell lines. Introduction of a hydroxy group, which has more electron-donating capacity than a methyl group, yielded compound 2h, which had enhanced activity against all the cell lines, except A549, compared with that of 2a. Increasing the electron-donating capacity of the hydroxy group, by replacing it with methoxy group (compound 2i), led to a substantial loss in activity against all cell lines. N,N-dimethylamino group, a stronger electron-donating group than a hydroxy or a methoxy group, at the para-position of the phenyl ring (compound 2e) also markedly reduced activity against all cell lines. Bulkiness of the substituents influenced cytotoxicity; more bulky group at the para-position on the aromatic ring than hydroxy group (2h), such as methoxy (2i), N,N-dimethylamino (2e) and nitro group (2c), reduced a potency drastically. In another point of view, the proton donating ability of a hydroxyl group of compounds 2h and j may also play a crucial role for the cytotoxicity. Compounds having a poor proton donating property (2c, e, i) exhibited much weaker activity than compounds 2h and j which possess a good proton donating ability. Therefore, a phenyl-substituted thiadiazole moiety would be suggested as a target site of the molecule for the strong cytotoxicity of 1,3,4-thiadiazle analogs. The proton donating ability has been discussed to be critical for the antimicrobial activity of trityl derivatives. 16 ) Introduction of a methoxy group at the meta-position of compound 2h yielding compound 2j, resulted in improved activity against the SK-OV-3 cell lines and decreased activity against the other three. Introducing a nitro group, a strong electron-withdrawing group, at the para-or meta-position on the phenyl ring (compounds 2c, d, respectively) resulted in reduced activity compared to that of compound 2a, but exhibited similar activities to compounds 2e and i. Compounds with halogen substituents (2f, g), which have a weak electron-withdrawing capacity but also have an electron donating ability due to resonance, displayed improved cytotoxicity against all cell lines compared to compounds 2c and d. The bromine substituted compound 2g, showed increased activity against the SK-OV-3 and SK-MEL-2 cell lines compared to that of the chlorine substituted compound 2f; while both compounds (2f, g) had similar activity against the A549 and HCT15 cell lines.
The above structure-activity relationships led us to hypothesize that an optimum electron density, a substituent bulkiness or a proton donating ability in the C-5 phenyl ring of 1,3,4-thiadiazoles may be closely related for maximum cytotoxic activity against the cell lines used in the present study. Further structure-activity studies with versatile analogs are needed to clearly elucidate the role of above points on the cytotoxicity of 1,3,4-thiadiazoles and identify their molecular targets.
Experimental
General Melting points were determined on an X-5 melting point apparatus (Yuxiagyiqi, Gongyi City Yuxiang Instruments Co., Ltd., China) and are uncorrected. IR spectra were obtained with an FTIR-8430S (Shimadzu, Japan) using KBr discs. NMR spectra were recorded with an AM-400MH (Bruker, U.S.A.) using DMSO-d 6 with tetramethylsilane as an internal standard. Mass spectra were measured with an HP-5988 spectrometer (EI, 70 eV). Elemental analyses (C, H, N) were performed by means of a PerkinElmer 2400 II CHN elemental analyzer.
Preparation of Thiosemicarbazone Analogues 1a-j The synthesis of thiosemicarbazones was carried out according to the previously described method. 17) Briefly, an ethanolic solution of substituted benzaldehydes (1 mmol) was added slowly to a stirred solution of thiosemicarbazide (1 mmol) in an ethanol-water mixture, and refluxed for 10-20 min. After cooling the reaction mixture to an ambient temperature, the mixture was filtered to give a solid crude product, which was crystallized from ethanol to provide the pure compounds 1a-j with a yield of 80-98%. Preparation of 5-Phenyl-4,5-dihydro-1,3,4-thiadiazol Analogues 2a-j A mixture of thiosemicarbazone (5 mmol) and acetic anhydride (7 ml) in ethanol was refluxed with constant stirring for 30 min and then cooled to ambient temperature. The mixture was poured into ice cold water and neutralized with dilute sodium hydroxide solution. A white precipitate was produced, the mixture was filtered and washed with water to give a crude production. Then it was purified by recrystallization with N,N-dimethylformamide-EtOH, affording pure thiadiazole derivatives 2a-j. Cytotoxicity Assay Cytotoxicity after treatment of the tumor cells with the test materials was determined using the SRB (sulforhodamine-B) method, currently adopted in the NCI's in vitro anti-cancer drug screening, 18) i.e., the inhibition rate of cell proliferation was estimated after continuous exposure to the test materials for 48 h. All samples were tested in triplicate and the mean IC 50 values (mg/ml) (the concentration of the compound that resulted in a 50% inhibition of cell proliferation) and the S.E.M. were calculated, respectively.
